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FIGURE 1 Use of concrete-surfaced preservation and rehabilitation pavement types (11). 23 24 Considering the predominance of these treatments in concrete maintenance and 25 rehabilitation, it is fitting that research has been focused on documenting and evaluating 26 common, and best, practices including various types of LTR devices (2, 3, 5, 6, 10, 13, 14, 15) as 27 well as modeling and predicting the load transfer abilities of jointed concrete pavements after 28 LTR treatment (4, 5, 6, 15) . These studies have contributed knowledge and understanding of 29 how best to perform LTR and DG treatments as well as documented and modeled how load 30 transfer is restored through these treatments. However, while LTR/DG treatments are estimated 31 Number of Responding Agencies Montgomery, Labi, and Haddock to extend pavement life by 10-15 years (9, 16) little research has been performed to describe, 1 model (6), or predict the effect of LTR/DG treatments on pavement serviceability and service 2 life. The condition, or quality, of a pavement section is generally described by means of a 3 present serviceability rating, which is based on both pavement distress and roughness. LTR 4 treatments are generally considered to improve the ride quality of faulted concrete pavements, 5 specifically in connection with DG, but the effect of these treatments with respect to pavement 6 serviceability has not been previously studied or modeled quantitatively. How much 7 serviceability does a LTR/DG treatment add to a pavement section and what factors influence 8 that initial performance change? How does the serviceability change over time following a 9 LTR/DG treatment and what factors influence that performance loss? Based on these questions, 10 the objectives of this research were to develop nonlinear regression models describing 11
1. The initial effect of LTR/DG treatments on pavement serviceability 12 2. The effect of LTR/DG treatments over time on pavement serviceability 13 A better understanding of the effect and performance of this treatment will allow it to be 14 used more effectively and have greater acceptance in practical application and prioritization of 15 treatments (4, 10 Faulting, shown in Figure 2 , describes a difference in slab elevation that occurs at transverse 25 joints or cracks in concrete pavements (14, 17) . This distress occurs due to two mechanisms. 26
The first is the movement of base material from the leave slab to the approach slab. The 27 downward depression of the first, or approach, slab under loading followed by the rebound of the 28 approach slab in combination with the depression of the second, or leave, slab causes the base 29 material beneath the leave slab to migrate into the void created by the rebound of the approach 30 slab, forming a faulted joint (17). 31
The second is the movement of base material from the leave slab to the pavement surface. 32
The depression of the approach slab under loading when water is present in the base material 33 followed by the depression of the leave slab causes pumping of base material beneath the leave 34 slab to the pavement surface, forming a faulted joint and unsupported void beneath the leave slab 35 (17). These faulting mechanisms can only occur if the base material is erodible, the load transfer 36 between the slabs is poor, moisture is present, and there is significant truck traffic (2, 17). 37
Faulting is a major factor that affects the ride quality of concrete pavements (4) and 38 consequently the serviceability. and joints, placing steel dowels in the slots at mid-slab height, filling the slots with grout, and 6 DG the faulted concrete. While this treatment has been effective in restoring both ride quality 7 and load transfer, it is not recommended for pavements with insignificant structural capacity (9). 8 Figure 3 shows the dowel bars and slots spanning an existing joint, a diamond ground concrete 9 surface, and a finished LTR section with three dowels in each wheel path. 10 11
12
(a) 13 In 1993, WSDOT began a large-scale LTR project in eastern Washington, which included LTR 29 with DG (2). Thirty-two test sections, which represent over 300 miles of pavement, received 30 LTR/DG treatments during a period of 14 years, from 1993 to 2006. IRI data were collected 31 before and after the treatment until the end of the study period. Additionally, the pavement age at 32 the time of treatment, the PCC pavement thickness, the base type (untreated, asphalt treated, or 33 cement treated), the base thickness, and the subgrade type (fine or coarse) were determined and 34 recorded for each pavement section. 35
For this research, the IRI data were converted to PSI ratings using the Al-Omari and 36
Darter method (20) previously presented. This method was selected because it relates 37 specifically to PCC pavements rather than grouping all pavement types into a single model. For 38 each pavement section, the deterioration curves were evaluated and the PSI rating relating to the 39 pavement condition before the LTR/DG treatment was performed was identified. The initial 40 effect of the treatment, or performance change, was calculated as the difference between the PSI 41 rating before the treatment and the PSI rating for the year directly following treatment. Since 42 each pavement section did not receive the LTR/DG treatment at the beginning of the study 43 period and some received additional treatments, the data were reduced to include only PSI 44 ratings that described the pre-treatment condition and the post-treatment condition up until an 45 Montgomery, Labi, and Haddock additional treatment was performed. The effect of the LTR/DG treatment over time was 1 quantified by calculating the loss in PSI for each year of data available following treatment. This 2 was done by subtracting the PSI rating for a given year from the PSI rating for the previous year. 3 With this convention, a positive value indicates a loss of serviceability. For example, a change 4 in serviceability of 0.25 PSI would mean that the pavement serviceability was reduced by 0.25 5 PSI during the year of interest. 6
A correlation analysis was performed to investigate the correlation between the pavement 7 age at the time of treatment, the PSI before treatment, the base type, and the base thickness. 8
Because of the low variability of the PCC thickness and the subgrade type across the test 9 sections, these variables were omitted from the regression analyses. 10
To describe how much serviceability a LTR/DG treatment provides a pavement section, 11 the initial effect, or performance change, was modeled using non-linear regression techniques. 12
Additionally, to describe how the serviceability changes over time after treatment, the effect of 13 LTR/DG treatments on pavement serviceability over time, or the performance loss, was also 14 modeled using non-linear regression techniques. The variables included in the analyses were the 15 pavement age at the time of the treatment, the PSI rating before treatment, the base type, and the 16 base thickness. variation, the simplified model is recommended for application. Since the models were 5 developed using data from pavement sections ranging in age from 17 to 44 years and in PSI 6 rating prior to treatment from 0.76 to 2.53 PSI, the models are only applicable to pavements in 7 these age and PSIpre ranges, respectively. 8 Figure 4 shows a chart for the simplified model, which is recommended for application 9 over the expanded model. This chart can be used to estimate the expected performance change 10 associated with LTR/DG treatments. For example, for a 30-year old concrete pavement with a 11 PSI rating of 2.0 and a 7-in. thick untreated base, the anticipated initial performance change from 12 a LTR/DG treatment would be 1.08 PSI, as obtained from Figure 4 . Figure 4 may be used 13 whether or not the base thickness and type are known. 14 As can be seen in Figure 4 , the initial performance change obtained from the treatment is 15 relatively constant until the pavement is about 30 years old at which point the performance 16 change begins to rapidly decrease. Therefore, to achieve the greatest initial performance change, 17 LTR/DG treatments should be performed on pavement younger than 30 years. Additionally, the 18 vertical spacing between the PSIpre values, 1.0, 1.5, 2.0, and 2.5 is not equal, or skewed. This 19 means that as the pavement deteriorates, the rate of change in ΔPSI that can be added to a 20 pavement by a LTR/DG treatment changes. This change occurs near a PSIpre value of 1.5. 21
Therefore, pavements with a PSI less than 1.5 before treatment have a greater ΔPSI than 22 pavements with a PSI greater than 1.5 before treatment. The worse a pavement gets, the greater 23 the initial performance change will be. 
Effect of LTR/DG Treatments over Time 1
The calculated performance loss for each year following a LTR/DG treatment for the twenty-five 2 test sections are plotted in Figure 5 , which also shows the average performance loss for each 3 year. Table 1 lists the basic statistics for the dataset. The maximum time after a LTR/DG 4 treatment up until an additional treatment was performed was determined to be 6 years. In 5 Figure 5 and Table 1 , years 1-6 represent the amount of PSI lost during years 1-6, respectively, 6 since the retrofit was performed. A positive performance loss indicates a decrease in PSI while a 7 negative performance loss indicates an increase in PSI, as per the convention used. An increase 8 in PSI for the first year or two, as exhibited by the average performance loss trend line, was a 9 common trend among individual pavement sections. This effect may be attributed to the change 10 in texture of the diamond grinding during this period. The roughness measurements were 11 collected by WSDOT using laser sensors, which equipment has issues producing artificially high 12 values on diamond ground textures. As the diamond ground texture wore away during the first 13 year or two after treatment, the artificially high roughness was removed. 14 15
16
FIGURE 5 Performance loss per year since treatment. PSIloss: performance loss after the LTR/DG treatment (PSI/year) 10 TIME: time since LTR/DG treatment (years) 11 AGE: pavement age at time of LTR/DG treatment (years) 12
PSIpre: PSI of the pavement prior to LTR/DG treatment (PSI) 13 BASE: base type, (untreated base = 1, asphalt treated base = 2, cement treated base = 3) 14 tb: base thickness, (in.) 15 16 Figure 6 shows charts for the performance loss model. The charts provided are for an 17 untreated base, which was the most common base type with a thickness of 7-in., which was the 18 median base thickness observed in the dataset. 5, the regression model shows a slight increase in pavement condition for the first year or two 27 following LTR/DG treatment after which the pavement begins to deteriorate, losing 28 serviceability, and finally follows a relatively linear deterioration rate. 29
Combining the initial performance change model with the performance loss model, the 30 extended service life added to a concrete pavement section by performing a LTR/DG treatment 31 can be estimated. For example, for a 30-year old concrete pavement with a PSI rating of 2.0 and 32 a 7-in. thick untreated base, the anticipated initial performance change was 1.08 PSI using the 33 recommended simplified model. Using the deterioration rates for years 1-6 from Figure 6b , and 34 assuming the pavement continues to deteriorate after year 6 following the linear deterioration 35 rate exhibited for the last three years of the model, it would take 11 years total for the pavement 36 to deteriorate to a PSI rating equivalent to its PSI rating prior to the LTR/DG treatment. Thus, 37 for this example, the LTR/DG treatment extends the pavement life by approximately 11 years. 38
This extended service life falls within the range estimated by previous researchers (9,16). This 39 method for estimating the extended service life of LTR/DG treated pavements will be helpful for 40 jurisdictions considering treatment. Load transfer across joints and transverse cracks, characteristic of jointed concrete pavements, is 7 essential to adequate pavement performance and condition. Under high trafficking, joints and 8 cracks can separate substantially causing a loss of load transfer and, consequently, a loss of 9 support. This failure leads to faulting, pumping, cracking, and spalling. LTR is commonly 10 performed with DG, which combination has proven effective in reducing faulting and cracking, 11
and restoring ride quality and serviceability. 12
Research related to LTR treatments has focused on documenting and evaluating common, 13 and best, practices and modeling and predicting load transfer abilities after treatment. begins to rapidly decrease. Therefore, to achieve the greatest initial performance change, 2 LTR/DG treatments should be performed on pavement younger than 30 years. 3 The best fit performance loss model developed had an R 2 value of 0.328. The regression 4 model shows a slight increase in pavement condition for the first year or two following treatment 5 after which the pavement begins to deteriorate, losing serviceability, and finally follows a 6 relatively linear deterioration rate. The increase in condition for the first year or two was a 7 common trend among individual pavement. Charts were provided to estimate the expected 8 performance loss associated with LTR/DG. An example was provided showing how the initial 9 performance change model can be combined with the performance loss model to estimate the 10 extended service life a LTR/DG treatment provides a pavement section. This method for 11 estimating the extended service life of LTR/DG treated pavements will be helpful for 12 jurisdictions considering treatment. 13 Although the data included in this research represents over 300 miles of treated pavement 14 in Washington State, the length of the pavement sections varied significantly and only six years 15 of post-treatment pavement condition are represented. While the models presented in this 16 research can be used to estimate the initial performance change, the performance loss and, 17 consequently, the extended service life provided to a pavement section by a LTR/DG treatment, 18 additional research is recommended to build upon and verify the applicability of these models to 19 other locations and situations. Specifically, initial performance change and performance loss 20 models for LTR/DG treatments in other states and for longer post-treatment periods would 21 extend and enhance this research for more widespread application and estimation of extended 22 service life. 23
